One of the most important and promising materials from metal oxides is ZnO with specific properties for near UV emission and absorption optical devices. The properties of ZnO thin films strongly depend on the deposition method. Among them, pulsed laser deposition (PLD) plays an important role for preparing various kinds of ZnO films, e.g. doped, undoped, monocrystalline, and polycrystalline. Different approaches -ablation of sintered ZnO pellets or pure metallic Zn as target material are described. This contribution is comparing properties of ZnO thin films deposited from pure Zn target in oxygen atmosphere and those deposited from sintered ZnO target. There is a close connection between final thin film properties and PLD conditions. The surface properties of differently grown ZnO thin films are measured by secondary ion mass spectrometry (SIMS), atomic force microscopy (AFM) and scanning electron microscopy (SEM). Furthermore, different approaches -ablation of sintered ZnO pellet or pure metallic Zn as target materials are described. The main results characterize typical properties of ZnO films versus technological parameters are presented.
Introduction
Metal oxides are typically good dielectric materials; however, there are some exceptions in case of electrical conduction properties. The best known exception is zinc oxide (ZnO) which belongs to the II-VI group of compound semiconductors. ZnO as a semiconductor material has found some practical applications in piezoelectric devices, transparent conductive layers, substrate material for similar materials, etc. [1] . Even more, despite this relatively restricted amount of examples, ZnO attracts large interest in research activities for its potential application mainly in UV and blue-VIS region optoelectronics.
ZnO belongs to the II-VI multifunctional wide direct-gap wurzite structure semiconductors with native n-type conductivity, excellent electrical, optical, piezoelectric and mechanical properties [2, 3] . It has a very good combination of large values of band gap energy (3.37 eV), cohesion, and exciton stability. The very large exciton binding energy in ZnO (60 meV) gives a high potential for room temperature light emission properties [1] . New applications in optoelectronics are stimulated by the research on materials for shorter wavelengths. Since ZnO is a very attractive material, its use is predicted and realised in a form of micropillars in nanotechnology [4] , UV lasers, UV photodetectors and transparent field-effect transistors (TFET) [5] . Another possibility is to use ZnO as a substrate for GaN [6] . The most promising challenge is to solve the p-type doping for ZnO. The undoped ZnO is usually n-type, which is caused by defects in the lattice, mostly by oxygen vacancies and Zn interstitials. The stable p-type conductive ZnO is usually doped with nitrogen or phosphorus [7, 8] . The ideal intrinsic ZnO thin film is monocrystalline with a smooth surface, transparent for wavelengths above 380 nm, highly resistive, and at room temperature has low free carrier concentration. The high quality ZnO thin films are polycrystalline with islands on the surface, with resistivity in the range of 1-10 −2 Ωcm, and free carrier concentration (n-type) around 10 18 -10 19 cm −3 [3] .
ZnO thin film technology is represented by pulsed laser deposition. In comparison to the many other methods suitable for ZnO thin film preparation like MBE [9] , MOCVD [10] , RF sputtering [11] , the PLD has some advantages [12] [13] [14] . To produce defect-free material synthesized from laser ablation, the main features of pulsed laser deposition are the chemical purity, lower substrate temperatures, and the possibility to introduce reactive or other type of atmosphere during deposition. PLD allows preparation of ZnO thin films by two different ways, either by sputtering Zn target in O 2 atmosphere or by sputtering ZnO target onto a sapphire substrate with a high power pulsed laser. The aim of this article is to describe pulsed laser deposition as a proper method for growth of thin ZnO films and depict the main technological parameters and its influence on basic properties of deposited films.
Secondary ion mass spectrometry (SIMS) is based on energetic ion bombardment of the sample surface. SIMS measurements represent a very useful tool to determine the doping and impurity thin film concentrations. The investigated surface is sputtered by bombardment of primary ions, only about 5% of secondary particles are ionised. The positive or negative secondary ions are subsequently detected according to their mass/charge ratio in a mass spectrometer. The sensitivity is in the range of ppm, or even ppb under favourable conditions. Three basic outputs from SIMS analysis are available, corresponding to mass spectra, ion image, and depth profile. All three outputs are useful in the surface analysis of the ZnO thin films.
Pulsed laser deposition of thin films
Pulsed laser deposition (PLD) is a technology for preparing thin films, which can be characterised as a physical vapour deposition method, in general. The vapours are created by intense laser beam irradiation of bulk material surface and they are subsequently deposited onto surface of substrate where the film grows. Typically, standard equipment for PLD includes pulsed laser source, a vacuum chamber with target and substrate holders, and transporting and focusing optics (Fig. 1) . The whole process can be briefly divided into these subsequent steps: surface irradiation with complex of phenomena which accompanied laser-material interaction, plasma plume formation, transport of evaporated material (from target to substrate), and its deposition with film formation. In comparison with other deposition technologies, PLD has specific features [14] which mean distinct advantages, but on the other hand, it is accompanied by some specific disadvantages. Fig. 1 The main parts of PLD equipment (1 -laser source, 2 -pulsed laser beam, 3 -focusing lens, 4 -input window, 5 -vacuum chamber, 6 -substrate, 7 -target, α -incident angle, d -substrate-target distance, vo -pumping port, bi -buffer gas input)
The deposition process and final properties of prepared films are influenced by a set of technological parameters. There is not a comprehensive theoretical model for detailed description of relations between applied parameters and resulted films. Much experimental work remains to be done in this domain. To define the ablation and growth process, these most important groups of parameters are used:
• Laser beam properties (wavelength, pulse duration, pulse energy, pulse frequency, laser beam energy distribution, energy fluency density, the rate of beam pulses or time of target ablation),
• Geometrical parameters (incident angle between laser beam and target surface, irradiated surface area, target to substrate distance), • Thermodynamic and ambient atmosphere parameters (temperature of substrate, vacuum level, chemical composition and pressure of buffer gas, if buffer gas is employed, annealing time and temperature)
The role of main parameters in ZnO deposition
Information from different sources confirms that ZnO films can be successfully deposited both from ZnO target or Zn pure metallic target [15, 16] . When Zn is used, of course, the presence of ambient O 2 is inevitable for oxidation of ablated and ionised Zn atoms. Similarly, presence of O 2 at certain pressure level is important during deposition from ZnO target; however its function is quite different. The set of optimum parameters is finally different according to employed target but there are some general conclusions similar for both types of targets.
Laser beam properties
The common trend for choosing proper wavelength of laser radiation which is used for target ablation tends to employ UV lasers or lasers with shorter wavelength if it is possible. There is one specific reason for ZnO as a transparent semiconductor material. Its bandgap of 3.37 eV corresponds to energy of 368 nm photon, therefore direct absorption needs lasers with output below this level.
Comparison of results between employing either KrF excimer lasers (248 nm) or a frequency-doubled Nd:YAG laser (532 nm) is in Craciun et al. [17] . The ZnO layer quality grown by the shorter wavelength laser was always better than that of the layers grown by the longer wavelength, under otherwise identical deposition conditions. On the other hand, employing lasers with longer output wavelength than 368 nm leads to subsurface heating of the target and producing undesirable liquid or solid particles, which can harm the prepared film surface.
Other beam parameters, such as pulse length and pulse repetition rate, are normally fixed by laser device and are not variable in large intervals. Influence of pulse repetition rate as an important parameter [18] leads to better crystallinity (narrower XRD peaks). Typical laser pulses are in nanoseconds range, however some experimental data for femtoseconds PLD are available [19, 20] . Preferred laser beams with flat (or "top hat") energy distribution are needed for smooth and proportional ablation of irradiated surface.
Energy density plays key role in ablation process and subsequently by related properties of laser induced plasma plume influences film properties. This parameter lies within a range 0.5-5.0 Jcm −2 [12, 14, 16, 21, 22] . Optimum rate depends on O 2 pressure in vacuum chamber and properties of ZnO target. Porous and large grained target can cause production of large amount of droplets and lower level of energy density is appropriate. In case of ablation of Zn target, this interval shifts to lower volumes of the above mentioned interval.
Geometrical parameters
Regardless special "off axis" deposition, the main parameter in this group is distance between target and substrate surface. Its value influences growth rate of deposited films and its homogeneity. A dimension of irradiated surface has importance in combination of pulse energy as energy density parameter.
Thermodynamic and ambient atmosphere parameters
The most studied and varied parameter is the substrate temperature. It influences growth modes, redistribution of deposited atoms, and rate of defects and other imperfections in deposited layers. In general, the great deal of conclusions [13, 15, 21, 23] refers to the fact that higher temperature improves the film quality. However, there seems to be a certain optimum level which is influenced by combination of other parameters. For example, higher temperature (above 600
• C) can cause deficiency of O 2 and subsequently presence of important level of O 2 vacancies. The most preferred temperature is around the interval of 400-450
Post-deposition annealing is a controversial procedure, because some information [22] suggests that similarly to the deposition temperature annealing temperatures above 500
• C can elevate level of undesirable oxygen vacancies. Pressure of ambient O 2 is considered beside the deposition temperature as the most important parameter for successful growth of ZnO layers. Important suggestion is in [12] where authors used two-level pressure cycle. The deposition process must start at low pressure level of about 10 −3 Pa after creating "buffer" layer the process continues at level of about 1 Pa. In the range above 10 Pa, it is reported that such levels prevent growth with perfect crystallinity. The opposite side of the mentioned interval gives the best results but it is accompanied by enormous presence of oxygen vacancies.
Experimental
The advantage of PLD is the ability to keep target material and substrate at different temperatures within a relatively wide range. This feature is important in presented experiments because the melting point for the metallic Zn is relatively low (T m = 420
and very close to the deposition temperature. ZnO films were deposited on 10×10 mm 2 sapphire (0001) substrates. Pure metallic Zn target (99.99% purity) and sintered ceramic ZnO pellet (99.999%) were used as the target materials. The targets were placed on a rotating holder inside the vacuum chamber which was evacuated by a turbomolecular pump down to 5×10 Characterization of produced films was performed by secondary ion mass spectroscopy (SIMS) in order to investigate the composition and the impurity content of the atomic layers. Atomic force microscopy (AFM) was used to reveal the layer thickness and roughness. The surface morphology investigations were performed by scanning electron microscopy (SEM). Additionally, Hall measurements were performed for chosen samples to evaluate the carrier concentrations and mobility in ZnO thin films.
In this study, we employed a time of flight based SIMS instrument (Ion-TOF, SIMS IV) with high energy Au + primary source. Standard spectra were taken from each sample before the surface analysis. The negative ions were detected, since they were more sensitive for the analysis. For the depth profiling of the structure, the high energy pulsed primary gun is combined with a low energy sputter gun (Cs + ) because of low erosion rate. The sputtering ion beam is rastered over the area of 300 × 300 µm 2 while the primary beam is rastered within the 90×90 µm 2 area in the center of sputtered area.
The high resolution TOF detection system is performed by single particle counting using microchannel plate detector, which has parallel mass detection in the range up to 10.000 amu [24] . The AFM measurements were performed with NT-MDT Solver P47 AFM system in semi contact mode with resolution in the range of 0.1 nm. The qualitative analysis was employed for investigated surfaces via characteristic surface roughness R a and standard deviation for z direction on the sample surface R q parameters. These parameters are in accordance to R a -DIN 4768 and R q -ISO 4287/1 evaluation [25] . The surface morphology was investigated using LEO SEM 1550 microscope.
Results
Typical mass spectra from ZnO thin film are shown in the Fig. 2 . In this negative secondary ion spectrum we can identify C, O and the isotopes of ZnO. The surface image shows homogenous distribution of elements (not shown here).
The properties of ZnO thin films from different targets are observable in SIMS depth profiles. Fig. 3a represents the SIMS depth profile of ZnO thin film on sapphire deposited from pure Zn target. The ZnO thin film deposited from the sintered ZnO target prepared by PLD is shown in Fig. 3b . The difference is in the ZnO signal intensity in the substrate.
Fig. 2 Mass spectra of the deposited ZnO thin film
The interface between the sapphire and ZnO thin film is possible to identify due to the change in 12 C peak height. The thin film thickness was measured with AFM.
The AFM micrographs of ZnO films are shown in Fig. 4 . The grain size depends on the number of applied pulses and on the temperature of the substrate. The qualitative analysis results via characteristic surface roughness R a and standard deviation for z direction on the sample surface R q parameters are shown in Tab. Additionally, the surface morphology was investigated by SEM. Fig. 5 represents a specimen of ZnO deposited on sapphire. The surface is polycrystalline with typical grain size of 50 nm. Other specimens under different deposition parameters were prepared. From the analysis, we can conclude that typical grain structure was the same, with equal grain dimensions despite different thickness of prepared thin films.
We used the optical absorption spectroscopy to determine the optical absorption. All measurements showed clear and sharp band-edge near the theoretical value of 3.3 eV (375.7 nm). A closer comparison of the optical properties and localisation of the bandgap revealed some differences between films from ZnO and Zn targets. From Fig. 6 , it is evident that the rise of the absorption coefficient near the band-edge is sharper for the film deposited from the Zn target (Fig. 6b) . Moreover, these films have the band-edge in shorter wavelength with value of 376 nm (3.3 eV), in contrast to films from the ZnO targets where the band-gap is placed around 380 nm (3.26 eV).
Two samples were deposited using PLD from ZnO target under different conditions for evaluate the impurity levels during the deposition. These two samples differ with respect to their deposition conditions. Sample P1, differ in the ZnO thin film thickness, however, the same pulse numbers were used, and differ in the C impurity level in the sample. The as grown C impurity concentration can be neglected, and all other C concentration increase is the result of post deposition heat treatment, such as contact pad creation and subsequent annealing.
Fig. 6 Absorption spectra of ZnO thin films
For investigation of electrical and morphological properties of pulsed laser deposited ZnO thin films, sapphire substrate temperature variation (200, 400 and 600
• C) were used. The Hall measurements confirmed the native conduction type, resistivity, carrier concentration levels and mobility, Tab. 2. The electrical properties were measured by van der Pauw Hall measurements, Tab. 2. This table reveals the fact that in our n-type conduction samples, the resistivity and mobility are increasing with deposition temperature, while the carrier concentration is decreasing. The AFM measurements evaluation show for higher substrate temperature decreasing grain size. Decreasing the grain size with higher temperatures of the substrate induced lower scattering on the grain boundaries [26] . The higher substrate temperature results in carrier mobility increasing, Fig. 8 . Higher substrate temperature gives to molecules higher kinetic energy, with higher coalescence on the thin film surface causing less defects to form and results in lower free carrier concentration and higher resistivity.
Conclusion
This contribution deals with the characterisation of ZnO thin films prepared by pulsed laser deposition. ZnO films were deposited on sapphire substrates with varying deposition conditions -substrate temperature and oxygen pressure during the deposition and using different targets for deposition -Zn target and sintered ZnO target in O 2 atmosphere. Subsequent characterisations were performed using methods as SIMS, AFM, and Hall measurements. The deposition from different targets revealed depth profiles different ZnO signal intensity in the sapphire substrate and different concentration of incorporated C. The layer thickness differs a little due to polycrystalline behaviour of thin films. The impurity concentrations were compared using the same PLD preparation for various atmospheres. The most significant difference is in ZnO layer thickness and the C concentration in the sample, however even though the same pulse numbers were used.
The AFM investigation revealed the surface roughness dependency on the applied pulse numbers and on the substrate temperature. The surface morphology was investigated by SEM, where a typical grain size of 50 nm was evaluated.
The electrical and morphological properties were investigated in the dependence of substrate temperature during the deposition. The evaluation of Hall and AFM measurements show for higher substrate temperature decreasing grain size, which results in carrier mobility increase. The electrical properties in ZnO thin films are mostly influenced by two defects: oxygen vacancies and Zn interstitials. The amount of oxygen vacancies decreases with increasing the oxygen pressure during the deposition. Higher substrate temperature gives to molecules higher kinetic energy, with higher coalescence on the thin film surface causing less defects and results a lower free carrier concentration and higher resistivity. ZnO thin films deposited at higher temperatures contains less defects, show higher resistivity and lower free carrier concentration. Films grown at higher oxygen pressure contain less oxygen vacancies and thus exhibit lower free electron concentration.
Optical absorption measurements showed clear and sharp band-edge near the theoretical value of 3.3 eV (375.7 nm). A closer comparison of the optical properties and localisation of the band-gap revealed some differences between the films from ZnO and Zn targets.
